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DESCRIPTION 

FIBER-OPTIC CONFOCAL IMAGING APPARATUS AND METHODS OF USE 

This application claims priority to provisional patent application Serial No. 60/078,635 
filed March 19, 1998, entitled, **Fiber-Optic Confocal Imaging Apparatus and Methods of Use** 
by Richaids-Kortum et al. The entire text of the above-referenced disclosure is specifically 
incorporated by reference herein without disclaimer. 

1. Field of the Invention 

The present invention relates generally to the fields of optics and microscopy. Mote 
particularly, it concerns apparatus and methods for analyzing samples using fiber-optic confocal 
imaging techniques. 

2. Description of Related Art 

Currently, two methods are available for imaging at the cellular level in the body: 
Optical Coherence Tomography (OCT) (batt et al^ 1994; Huang et al. 1991; Schmitt et al. 
1993; Yadlowsky etal, 1995; Swanson etal. 1993; Schmitt etal, 1994) and confocal imaging 
(PetroU et al., 1993; Jester et al. 1991; Rajadhyakiha et al.. 1995a; Gmitro and Aziz, 1993; 
Massig e( al. 1994; Masters and Thaer, 1994; Gihiunas et al. 1993a; 1993b; Dclancy et al. 
1994). 

OCT uses interference techniques with low-coherence light sources to select the light 
coming from a distinct depth (Huang et al. 1991). The basic system uses a Michaelson 
interferometer with the tissue sample in one aim and a reference mirror in another arm. When 
the reflections fit>m both arms are combined at the detector, an interference maximum or 
minimum is detected vAien the reflections fix)m both arms are matched in optical path length 
(time-of-flight). The strength of the interference is proportional to the amoimt of light reflected 
fit)m the corresponding optical path length within the tissue. The temporal frequency of the 
interference maximum and minimum can be modulated by translating the reference mirror at a 
constant velocity or by stretching the path length in the reference aim with a piezo-electric 
transducer at the modulation fiequency. These systems use heterodyne detection of the 
modulated interference signal to detect as littie as 5 x 10*1 ^ of the incident light (Huang et al. 
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1991). The axial resolution of OCT depends on the coherence length of the illumination 
source, is in the range of 10 to 20 (im (Swanson et al^ 1993) for semi-conductor sources. 
More recent work with mode-locked TiiSapphire and Fonestrite lasers have yielded coherence 
lengths as small as 1.8 ^m (SPIE Proceedings, 1997). The lateral resolution is determined by 
S the dif&action*limited spot size in the tissue. 

OCT forms a cross-sectional image of the tissue by mapping the intensity of the 
reflected light as the sampling point is translated in the axial and lateral dimensions. The 
sampling point is moved in depth by the translation of the reference minor. The lateral 
dimension is achieved by translation of the optics over the surface of the tissue. Much of the in 

10 vivo imaging done with OCT has been in the eye (Swanson et al, 1993). Some researchers 
have also attempted to use the technique to image scattering tissue such as human skin, 
however, have not obtained images of individual cells due to the lack of spatial resolution 
(Yadlowsky et ai, 1995). Thus, while OCT has a high sensitivity, it has not demonstrated the 
spatial resolution necessary to image cellular structure. Although the new mode-locked laser 

IS gives OCT the potential to achieve the desired resolution, the cost and complexity of these 
lasers make them impractical for clinical use. 

The first attempts at in vivo confocal imaging have been done with a modified scaiming 
Nipow disk microscope (Petioll et aL, 1993; Jester et a!., 1991). A Nipow disk refers to fiat 
disk which has a staggered array of pinhole apertures spread over the entire disk. At one instant 

20 in time, one of the apertures passes the illumination light and detects the reflected confocal 
light As the disk spins, the aperture being used for illumination and detection moves around 
the disk, thereby, imaging the entire sample. The disks can spin at very high speeds to produce 
images at video rates. These systems have been used to image in vivo cornea and several 
organs of a rat which had been exposed by laparotomy. The best spatial resolution reported to 

25 date is ayjproximately 7 ^m, with no mention of the sensitivity or corresponding maximum 
penetration depth. One limitation of this apparatus is the fact that these microscopes are 
susceptible to misalignment of the disk. 

More recently, a confocal system has been developed with a spatial resolution sufiicient 
to image individual skin cells in a living himian (Rajadhyaksha et a!., 1995b). The instnmient 

30 is a simplified confocal microscope with a standard pinhole aperture and scanning mirrors. A 



wo 99/47041 PCTAJS99/06C36 

% 

3 

high numerical apertune (NA) oil-immersion objective lens is used in contact with the skin to 
achieve a lateral resolution of approximately 2 ^m; No values have been reported for the 
sensitivity of the system, however it is capable of imaging the entire thickness of the forearm 
epithelium and into the rete ridges of the underlying stroma using 830 nm light Images of cell 
5 size and nuclear to cytoplasmic ratio obtained with this system agree well with those measured 
from biopsies, validating the concept that in vivo confocal imaging can be used to assess tissue 
morphology. However, the size and configuration of illumination optics prevents use of this 
system to image tissues within moderately accessible cavities sudi as the cervix or mouth. 

Several authors have proposed fiber optic systems for in vivo confocal imaging (Massig 

10 ei al., 1994; Masters and Thaer, 1994; Giniunas ei aL, 1993a; Giniunas ei al., 1993b; Delancy 
et oi, 1994) based upon fiber optics. These designs implement confocal detection through a 
single fiber optic. These designs also incorporate some method of translating the endpicce 
optics in the axial and transverse directions to form an image. Designing an endoscopic system 
encompassing a miniature, high speed mechanical scarming system with high spatial resolution 

IS is difficult 

Another ^proach to a fiber optic design (Gmitro and Aziz, 1993) uses a fiber optic 
imaging bundle as a confocal image coiuiuit between the endpiece optics and a confocal 
microscope. The Amotion of the confocal microscope was to scan the illumination spot across 
the fiber bundle and to detect the emerging light This arrangement does avoid the need for a 

20 mechanical translation system in the endpiece, however a commercial confocal microscope is 
expensive and cumbersome, limiting its usefidness as a practical clinical tool. In addition, the 
high absorption and scattering of the tissue will n^f allow the fluorescence excitation and 
emission light to penetrate the entire depth of the epithelium. 

More recently, the same design has been implemented for reflection imaging using 

25 yiblit light (Juskaitis et al., 1997) Reflection imaging is capable of penetrating to greater 
depths; however, the use of a white light source will limit the illumination power available to 
the system. A consequence of the limited illumination power will be a limited penetration 
depth due to loss of signal in scattering tissue. The rationale given for using white light is 
eliminating the speckle observed when imaging a resolution test target with laser light 
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Although the potential of both in vivo confocal imaging with subcellular resolution and 
of fiber optic confocal imaging has been demonstrated, there is currently not a system vAdch 
provides the imaging capabilities required for imaging tissues in vivo within the physical 
constraints necessary to achieve su£Scient resolution and magnification of tissues within a 
5 living organism. 

The system described by Juskaitis et al (1997) uses a combination of angle polishing 
and index matching with glycerin to "prevent" specular reflection fiom the &ces of the fiber 
bundle. Because the fiber bundle requires a difference in index between the individual fiber 
cores and cladding to function, it is not possible to eliminate or "prevent" the reflection from 

1 0 the fiber face at the proximal end {le. the end that light is injected into). Instead, the reflections 
can be minimized by using a matching oil with an mdex half way between the index of the 
cores and the claddmg. Indeed, Juskaitis et al use such an oil. While it is theoretically 
possible to eliminate the reflections from the distal end by using an oil with an index exactly 
equal to the index of the fiber cores, it is not practically feasible due to manufacturing 

IS limitations and variations. 

If die laser has a coherence length greater than the separation between either fiber face 
and the image plane, the reflections from the fiber faces will interfere with the light reflected 
from the image plane. The argon laser used by Juskaitis etaLhzsz coherent length of several 
meters. It is likely that the length of fiber bundle used was less than two meters. Thus, the 

20 unstable speckle pattern they report is a result of interference between one, or both, of the 
reflections from the fiber faces and the light from the image plane. The selection criteria of the 
laser of the present invention is a coherence length less than the separation between the distal 
end of the fiber and the image plane to avoid this problem. 

A scarmed opdcal fiber confocal microscope is described by Deckensheets and Kino 

25 (1994). However, the fresnel objective lens used in this microscope was not able to achieve the 
high NA needed for imaging cellular structure. 

United States Patent 5,659,642, describes a confocal microscope and endoscope similar 
to that of the present invention. However, unlike the present invention, this microscope lacks a 
method for controlling the specular reflections from the faceis of the fiber bundle. 



wo 99/47041 PCr/US99/0«036 



Sammaiy of the Invention 

Hie present invention overcomes these and other limitations in the prior art by 
providing apparatus comprising a confocal fiber optic imaging system. In one embodiment, the 
device has been shown to achieve the resolution and imaging necessary in vivo to pennit the 
detection and diagnosis of precancerous lesions in tissues such as those involving tiie 
epitiielium. The apparatus disclosed provide clinical tools vridch dramatically improve 
recognition and monitoring of biological specimens such as epitiielial pre-cancers of the oral 
mucosa, uterine cervix, urinary bladder, colon, as weU as other organs with high incidence of 
epithelial cancer. The apparatus has produced images of physiological structure witii micron 
resolution at 15 fiames per second. Moreover, a series of lenses designed and constructed to 
incorporate the fiber optic bundle direcdy into tiie imaging system was developed to overcome 
the specular reflections fix>m the face of the fiber optic bundle. 

In one sense, tiie invention encompasses die design and development of a fiber optic 
confocal imaging system which uses reflected light to produce images of tissue with several 
micron resolution. This system provides tiie user witii images of tiie cellular structure and 
organization of die sampled tissue. This information can be used to determine tiie morphology 
of tissue and its potential for diseases such as cancer. 

A confocal optical system places an aperture in a conjugate image plane to reject any 
light which is not reflected fiom tiie focus of tiie optical system (Inoue, 1995). The confocal 
technique of selecting only tiie light reflected from tiie focal plane is sometimes referred to as 
optical sectioning. 

The present invention provides a fiber optic confocal microscope which comprises a 
pluraUty of optical fibers packed side by side in a bundle to form a characteristic image of tiie 
sample at tiie focal plane from tiie reflected illumination light in real time. The apparatus 
utilizes index matching to detect tiie sample reflection of biological sample. 

The apparatus may quantitatively analyze a variety of samples, including biological 
samples. A confocal reflectometer according to tiie present disclosure may measure tiie 
reflected light from a single point A reflectometer built in accordance widi tiie present 
disclosure has demonstrated resolution near die diffraction limit and tiie sensitivity to detect a 
0.05 refractive index mismatch under 3 optical depths of scattering. 
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Lenses to incorporate a fiber bmdle mto a confocal microscope were designed and 
assembled. An apparatus according to the present disclosure has shown that specular reflection 
from fiber optic bundle faces may be controUed. and lateral resolution in the range of 
approximately 5 fim may be achieved Likewise, an axial resolution of approximately 15 jim 
has been obtained using the disclosed apparatus. 

In one aspect, the invention is a confocal imaging apparatus for analyzing a sample 
including a radiation source, a scan system, a scan lens, a plurality of fibers, a distal index 
matching agent, a coupling lens, and a detector The radiation source is configuied to emit 
incident radiation. The scan system is in optical commimication with the radiation soitxce and 
is configured to controUably deflect the mcident radiation. The scan lens is in optical 
communication with the scan system and is configured to focus the incident radiation. The 
plurality of fibers have a proximate end and a distal end. The proximate end is in optical 
commumcation with the scan lens and is configured to receive the incident radiation focused 
from the scan lens. The distal index matching agent is coupled to the distal end and is 
configured to reduce specular reflection from the plurality of fibers. The coupling lens is in 
optical conununication with the distal end and is configured to focus the incident radiation 
toward the sample to produce secondary radiation from the sample. The detector is in optical 
communication with the scan system and is configured to receive at least a portion of the 
secondary radiation and to produce a signal corresponding therewith. 

In other aspects, the incident radiation may include near infrared radiatioa The 
radiation source may be a TnSapphire laser. The radiation source may be a diode pumped 
Nd:YAG laser. The scan system may include a pair of orthogonal galvanometers. The scan 
system may include a spinning polygon. The scan system and the scan lens may be adapted to 
illuminate a single fiber of the pluraliQr of fibers. The apparatus may also include a proximal 
polarizing agent in operative relation to the proximal end and configured to reduce specular 
reflection from the plurality of fibers. The apparatus may also include a depth translation 
system in operative relation with the plurality of fibers. The depth translation may include a 
translation stage. The depth translation system may include a suction agent. The suction agent 
may include a tube having a phirality of channels, and at least one of the channels may be 
ad^ted to deliver saline while at least another one of tiie channels may be adapted for suction. 



wo 99/47041 PCT/US99/0<fl36 

7 

The centers of the plurality of fibers may be separated by about 5 microns. At least one of the 
plurality of fibers may include a core and a cladding, and the distal index matching agent may 
include a fluid having an index of refiaction substantially equal to an index of refraction of the 
core. The apparatus may also include a beam splitter in optical communication with the 
radiation source and the detector. The , beam splitter may include a wedge angle. The scan 
system may be configured to controllably deflect the incident radiation in a raster pattern. The 
apparatus may also include an aperture positioned between the coupling lens and the detector. 
One of the plurality of fibers may be an illuminated fiber transporting the secondary radiation 
toward the detector, and the aperture may have a diameter zdapted to block at least a portion of 
the secondary radiation emanating fiom a proximate end of one or more fibers adjacent the 
illuminated fiber. The apparatus may also include a controller coupled to the scan system and 
to the detector. The apparatus may also include control electronics and a video card coi^Ied to 
the controller. The control electronics may be adapted to provide one or more timing signals to 
the video card. The q>paratus may also include an objective in optical communication with the 
coupling lens, and a magnification of the coupling lens may be adapted to fill the objective with 
the incident radiatioa The apparatus may have a lateral resolution of about 5 microns. 

In another respect, the invention is a confocal iimaging apparatus for analyzing a sample 
and includes a laser, a scan system, a scan lens, a plurality of fibers, a proximal index matching 
agent, a distal index matching agent, a coupling lens, and a detector. The laser is configured to 
emit incident radiatioiL The scan system is in ojptical communication with the laser and is 
configured to controllably deflect the incident radiation in a raster pattern. The scan lens is in 
optical conununication with the scan system and is configured to focus the incident radiation in 
the raster pattern. Thepluialityoffibers have a proximate end and a distal end. The proximate 
end is in optical communication with the scan lens and is configured to receive the incident 
radiation focused from the scan lens m the raster pattern. The proxinud index matching agent is 
coupled to the proximate end and is configured to reduce specular reflection firom the plurality 
of fibers. The distal index matching agent is coupled to the distal end and is configured to 
reduce speciilar reflection from the plurality of fibers. The coupling lens is in optical 
communication with the distal end and is configured to foctis the incident radiation in the raster 
pattern toward the sample to produce secondary radiation from the sample. The detector is in 
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optical communication with the scan system and is configured to receive at least a portion of 
the secondaiy radiation and to produce a signal corresponding therewith. 

In other aspects, at least one of the plurality of fibers may include a core and a cladding, 
and the distal index matching agent may include a fluid having an index of refi^ction 
substantially equal to an index of refraction of the core. At least one of the plurality of fibers 
may include a core and a cladding, and the proximal index matching agent may include a fluid 
having an index of refiaction between an index of refraction of the core and an index of 
refraction of the cladding. The fluid may have an index of refraction of about halfway between 
the index of refraction of the core and the index of refiaction of the cladding. The ^paratus 
may also include a depth translation system in operative relation with the plurality of fibers. 
The depth translation system may include a translation stage. The depth translation system may 
include a suction agent. The apparatus may also include a controller coupled to the scan system 
and to the detector. 

In another respect, the invention is an endoscopic confocal imaging apparatus for in 
vivo analysis of a sample, including a confocal system and an endoscope. The confocal system 
includes a radiation source, a scan system, a scan lens, a plurality of fibers, and a detector. The 
radiation source is configured to emit incident radiation. The scan system is in optical 
communication with the laser and is configured to controUably deflect the incident radiation. 
The scan lens is in optical conunimication with the scan system and is configured to focus the 
incident radiation. The plurality of fibers have a proximate end and a distal end. The 
proximate end is in optical communication with the scan lens and is configured to receive the 
incident radiation focused from the scan lens. The detector is in optical communication with 
the scan system. The endoscope includes a distal index matching fluid reservoir, a coupling 
lens, and an endoscopic tube. The distal index matching fluid reservoir is configured to 
sealably contain a distal index matehmg fluid. The reservoir is coupled to the distal end, and 
the fluid is configured to reduce specular reflection from the plurality of fibers. The coupling 
lens is in optical communication with the distal end and is configured to focus the incident 
radiation toward the sample to produce secondary radiation from the sample detectable by the 
detector to produce a signal corresponding therewith. The endoscopic tube is configured to 
house the distal end, the reservoir, and the coupling lens. 
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In other aspects, the apparatus may also include an objective in optical communication 
with the coupling lens. A magnification of the coupling lens may be adapted to fill the 
objective with the incident radiation. The apparatus may also include a fiber shield configured 
to house and protect at least a portion of the plurality of fibers. The scan system may be 
configured to controllably deflect the incident radiation in a raster pattern. The apparatus may 
also include a suction hood coiq)led to the endoscope. . The apparatus may also include a 
controller coupled to the scan system and to the detector. 

In another respect, the invention is a meAod for confocal imaging of a sample. Incident 
radiation is emitted fiom a radiation source. Incident radiation is controllably deflected with a 
scan system in optical communication with the radiation source. Incident radiation is focused 
with a scan lens in optical commimication with the scan system. The incident radiation focused 
fiom the scan lens is received with a proximate end of a plurality of fibers, the proximate end 
being in optical communication with the scan lens. Specular reflection torn the plurality of 
fibers is reduced with a distal index matching ^ent coupled to a distal end of the plurality of 
fibers. The incident radiation is focused toward the sample to produce secondary radiation 
firom the sample with a coiq)ling lens in optical communication with the distal end. The 
secondary radiation focused fiom the coupling; lexis is received with the distal end. The 
secondary radiation is focused through the scan system with the scan lens. At least a portion of 
the secondary radiation is detected with a detector in optical communication with the scan 
system. A signal corresponding to the secondary radiation detected by the detector is produced 
to image the sample. 

In other aspects, the coupling lens, the distal end, and the distal index matching agent 
may make up an eiuloscope, and the imaging of the sample may mclude in vivo endoscopic 
imaging of the sample. The controllably deflecting of the incident radiation may include 
deflecting the incident radiation in a raster pattenu The method may also include reducing 
specular reflection fiom the plurality of fibers with a proximal index matching agent coupled to 
a proximal end of the plurality of fibers. The sample may include biological tissue. The 
sample may include an integrated circuit wafer, or portion thereof. The method may also 
include enhancing contrast of the sample with a contrast agent The contrast agent may include 
5-aminolevulinic acid. The contrast agent may include acetic acid. The acetic acid may consist 
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of about 6% acetic acid. The method may also include modifying a focus depth with a depth 
translation system in operative relation with the plurality of fibers. The depth translation 
system may include a suction agent configured to displace at least a portion of the sample by 
suction. The depth translation system may include a translation stage. The imaging may 
5 include cross sectional imaging. 
Brief Description Of The Drawings 

The following drawings form part of the present specification and are included to 
further demonstrate certain aspects of the present invention. The invention may be better 
understood by reference to one or more of these drawings, in which like reference numerals 
10 have been applied to like elements, m combination, with the detailed description of specific 
embodiments presented herein. 

• is a schematic diagram of optical sectioning property of confocal imaging. 
FIG. 2. is a diagram of one embodiment of a confocal fiber optic imaging systenL 
FIG* 3. is a functional diagram of optics within an endpiece to illustrate ■ the 
1 S magnification requirements according to one embodixnent 

FIG. 4. is a schematic diagram of a polygon scanner according to one embodiment As 
the polygon rotates the beam is scanned through a line. 

FIG. 5. show an experimental setup of one embodiment of a confocal reflectometer. 
FIG. 6A. shows spatial filter/beam expanders used in one embodiment of a 
20 reflectometer. 

FIG. 6B. shows spatial filter/beam expanders used in one embodiment of a 
reflectometer. 

FIG. 7. shows the axial response of one embodiment of a reflectometer incorporating a 
mirror of unknown quality. A resolution scan fipom the system with a high quality mirror is 
25 included for comparisoiL A normalized pinhole radius of 3 was used for both scans. 

FIG. 8. shows the axial response of one embodiment of a reflectometer to a plane 
reflector when the conjugate image was not placed ISO nun behind the objective. The axial 
response of the system with the correct conjugate is included for comparison. A normalized 
pinhole radius of 3 was used for both scans. 
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FIG. 9. shows the axial response of one embodiment of a reflectometer to a plane 
reflector at several pinhole diameters. 

FIG, lOA. shows the measured and theoretical axial resolution FWHM for a range of 
normalized pinhole radii according to one embodiment. 

FIG* lOB. shows the signal peak amplitudes normalized to the peak amplitude for = 
10 according to one embodiment A theoretical prediction for the decay in the peak amplinides 
from the value at Vp = 1 0 is also plotted. 

FIG, 11. is a sketch of an 8 kHz video scan liead from General Scanning used in one 
embodiment A galvonometcr moves a paddle mirror in the page direction at 15 kHz. A 
smaller resonant galvo rotates in the line direction at 8 kHz. 

FIG. 12. is a schematic of the experimental cdiiofocal microscope. 

FIG. 13. is a sketch of a scan lens according to one embodiment 

FIG. 14. is a timing diagram of signals from a scan system control electronics for one 
cycle of a resonant scanner according to one embbdiiident 

FIG. 15. is an illustration depicting a telecentric scan lens according to one 
embodiment 

FIG. 16. shows an optical layout of one embodiment of a scan lens. 

FIG. 17. is a plot of the encircled energy vs. radius from the centroid of the focus for 
one embodiment Plots are shown for the resonant mirror normal to the axis and at the 
maximimi required scan angle. 

FIG. 18. shows an optical layout of one embodiment of a scan lens. 

FIG. 19. shows an encircled energy plot for a design according to one embodiment 
The plots for the on-as focus (0 deg) and the marginal focus (3.6 deg) are overlapping the 
diffraction limit plot 

FIG. 20* shows an optical layout of one embodiment of a scan lens built with stock 
catalog elements. 

FIG. 21. is an encircled energy plot of a stock scan lens according to one embodiment 
FIG. 22, is an illustration of one embodiment of an optical arrangement in the endpiece. 

The NA of the light from the fiber bundle is modified by the coupling lens so tiiat the objective 

sees the light as coming from a virtual focus ISO mm away. 
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FIG. 23. is an optical layout of one embodiment using a conunercial doublet lens and 
an optimized singlet The space between the fiber bundle face and first element is filled with 
index oil. 

FIG. 24. is a diagram of one embodiment of a mechanical mounting system for a scan 

lens. 

FIG. 25. is a diagram of one embodiment of a mechanical moimting for a coupling lens. 

FIG. 26. is an image of a Fujikura fiber bundle face immersed in an oil with a 1.463 
refractive indoc. The distal end of the bundle was immersed in a 1 .SOS index oil. 

FIG. 27. is a diagram of an assembled fiber optic confocal microscope according to one 
embodunent 

FIG. 28. is a confocal image of a mirrored grating taken with one embodiment of a fiber 

optic system. Spacing between lines is 25 ^m. 

FIG. 29. is a confocal image of a mirror witii a 99% reflectance at 1064 nm taken with 

one embodiment of a fiber optic system. 

FIG. 30 shows an endoscope assembly according to one embodiment 

FIG. 31A. shows a lens alignment tool according to one embodiment 

FIG. 3 IB is a detailed view of an 0-ring design according to one embodiment 

FIG. 32 is a plot of an energy profile according to one embodimentDetail view of O- 

ring design. 

FIG. 33 is one embodiment of a scan lens assembly. 
Description of Illustrative Embodiments 

The presendy disclosed methods and apparatus may be applied to the imagipg of 
essentially sample, including any tissue in human or other animal. Such tissues include bone, 
muscle, ligament, tendon, cartilage, heart, mucus membrane, intestine, gall bladder, pancreas, 
urethra, lung, brain, prostate, kidney, liver, ovary, breast, skin, stomach, esophagus, head ft 
neck, testicles, colon, cervix, lymphatic system and blood. 

The presentiy disclosed methods and apparatus may be applied to the measurement of 
tumor resection margins. Tumors may be of essentially any origin and include cancers of the 
lung, brain, prostate, kidney, liver, ovary, breast, skin, stomach, esophagus, head and neck, 
testicle, colon, cervix, lymphatic system and/or blood. The presentiy disclosed metiiods and 



wo 99/47041 PCT/US99/06036 

13 

apparatus may be of particular use in the field of forensic medicine. In particular, microscopic, 
3-dimensionaI images of wounds may be created. The presently disclosed methods and 
apparatus may be used in the resection of animal tumors to assess if removal of such tumors 
was complete. The apparatus disclosed herein may also be used to determine the efficacy of 
drug therapy in an animal model. Presently, to address the effectiveness of a cancer drug in an 
animal model, the animals are sacrificed at regular intervals to examine the cancerous cells. 
Using the disclosed apparatus, one may examine the cancerous tissues of the animals without 
having to sacrifice the animal or disturb the tissue. The presently disclosed methods and 
q)paranis may be used to unage particles in a flow or slurry for distribution and form. The 
probe may be inmierscd into the product to image various depths. Additionally, a portable 
system may be used at multiple stations. The presently disclosed methods and apparatus may 
also be used to inspect semiconductor devices, including but not limited to, IC wafers or 
portions thereof. 

FIG. 1 illustrates the optical sectioning priifciple of confocal imaging. This schematic 
represents the different pathways of light reflected i&om a sample illuminated by a point light 
source 12. The illumination light, or incident radiation 14, passes through a beam splitter 16 
and is focused by a lens 22 to a point within the sample 20, which may be tissue. Since tissue 
is highly scattering, some of the iUumination light 14 is reflected from aU points iUuminated 
within the sample 20. The light rays 18 reflected fi-om the focal region of the lens may be 
refocused by the lens 22 and partially reflected by the beam splitter 16 to a point at the 
conjugate image plane. If a small pinhole aperture 26 is centered on the focused beam in the 
conjugate image plane, a majority of the light returning from the focal region in the tissue is 
passed to the detector 28, Light reflected from depths greater than the focus region (dashed 
line) comes to a focus in hont of the pinhole plane 30. This light is diverging and spread out 
when it reaches the pinhole so its mtensity is significantly reduced by the aperture. Similar 
rejection occurs for light coming from depths less than the focal region. Optical sectioning is 
accomplished for lateral points as well since light returning from these points is imaged lateral 
to the pinhole. Thus the confocal system is able to isolate light returning fix)m a finite volume, 
without the need for physical sectioning. Scanning the focal spot in the axial and radial 
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dimensions forms a map, or image, of the reflectance values from the focal region of each pomt 
in the sample. 

One embodiment of a confocal imaging apparatus 10 is depicted in FIG. 2. In this 
embodiment, apparatus 10 includes a radiation source 32, a beam splitter 16, an aperture 26, a 
detector 28, a scan system 34, a scan lens 36, a plurality of fibers (or, fiber bundle) 38, a 
coupling lens 44, an endpiece 48, an objective 46, a sample 20, and an imaging plane 24. Fiber 
bundle 38 has a proximate end 40 and a distal end 42. 

In this embodiment, radiation firom source 32 passes though a 50/50 beamsplitter (BS) 
16 to a scan system 34. In one embodiment, scan system 34 may comprise two minors 
mounted on orthogonal galvanometers. In one embodiment, a monochromatic laser 
illumination source may be used as radiation source 32 and may provide adequate optical 
power and to avoid potential problems with chromatic aberrations. The fimction of scan system 
34 is to deflect coUimated radiation by an angle in the x-y plane. From the scanning mirrors the 
beam may be passed through scan lens 36 to a focus at proximate end 40 of fiber bundle 38. 
The fiber bundle 38 may consist of many small core diameter fibers, organized coherently in 
evenly spaced rows. The optics of scan lens 36 may be designed to produce a focused beam 
diameter less than a fiber diameter so that illumination light may enter only one fiber at any 
time. One galvanometer of scan system 34 may oscillate at high speeds in one axis to form a 
line scan across a row of fibers. A second galvanometer of scan system 34 may oscillate in the 
orthogonal axis at a much slower speed to move the line scan up and down the rows of fibers. 
As the two scarmers oscillate the mirrors back and forth, the focused spot may moved across 
fiber bundle 38 in a raster pattern resulting in incident radiation torn source 32 being coupled 
into every fiber of bundle 38 during a single page scan. 

At distal end 42 of the fiber bundle 38, incident radiation emerging fit>m the illuminated 
fiber may be imaged by a set of lenses (44 and 46) to a focal point wdthin sample 20, v^ch 
may be, in one embodiment^ a tissue. The magnification of coupling lens 44 and objective 46 
may determine the diameter of the focal waist within the san^lc, and thus the spatial resolution 
of the system. Because a sample such as tissue may be highly scattering, some of the incident 
radiation may be reflected, or backscattered, fiom all points illuminated. However, the photons 
backscattered from the focal region may be preferentially imaged back into the illuminated 
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fiber. At the proximal end 40 of the fiber bundle 38, the confocal reflected light, the secondary 
radiation, emerging fi^m the illuminated fiber may be collimated by scan lens 36 and de- 
scanned by scanning minors of scan system 34. After passing through scaiming mirrors of scan 
system 34, 50% of the confocal light may be reflected from the beam splitter 16 onto detector 
28. Aperture 26 may be placed in ftont of detector 28 vdth a diameter equal to the size of the 
fiber image in the back focal plane to block the reflected light from fibers adjacent to the 
illmninated fiber. As scanning minors of scan system 34 illuminate each fiber in the bimdle 38, 
the secondary radiation &om each fiber is detected, md a signal is produced corresponding to 
the detected radiation. That signal may then be analyzed and processed as is known in the art to 
form an analysis, such as an image, of sample 20. In one embodiment, a resulting image may 
be a map of the reflectance values firom the focal plane in the tissue. In another embodiment, a 
map may be formed from fluorescence data gathered according to the above description. 

When it is desirable to produce an image which is approximately parallel with the 
observed tissue surface, a method to manipulate the depth of the image plane in the tissue must 
be designed. At least two methods may be used for this purpose. In one embodiment, a suction 
agent may be used to displace at least a portion of sample 20 so that image plane 24 
corresponds to a different depth of sample 20. In one embodiment, a suction cup may be 
positioned near the distal end 42 of a probe, adjacent sample 20. At the center of the probe the 
optics may be mounted in an aluminum housing. In one embodiment, sinrounding the metal 
housing may be a plastic PFTE tube with four channels embedded within its wall. Two of these 
channels may be used to deliver saline and the other two for suction. A piece of rigid plastic 
tubing may be mounted over the PFTE at the distal end of the endpiece to form a suction cup. 
As suction is ^piied to the cup, die sample 20, which may be tissue, is pulled into the volume 
of the cup where the focal plane lies. By increasing or decreasing the amount of suction, a user 
may move the focal plane through the cell layers. A secondary advantage of using the suction 
device is minimizing motion artifact by attaching the probe to the tissue. Because the 
anticipated maximum displacement of --0.5 ^m is small compared to the anticipated diameter of 
the probe (5 to 25 mm), the physical distortion of the cells may be minimal. 

In another embodiment, a translation system based upon piezo electric crystal rings may 
be employed. Three interconnected piezoelectric crystals may be placed between an inner 
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stage, containing the fiber bundle 38 and optics assembly, and the outer casing of the probe. 
The outer two rings expand and contract radially in response to an applied voltage, while the 
center crystal expands and contracts along the axis of the probe. By appropriately adjusting the 
cycle of applied voltages to the three rings, controlled motion of the inner shaft relative to the 
outer shaft can be produced in a manner analogous to an inchwonn drive. Such translation 
systems are commercially available (Inchwomi,. Burleigh Instruments Inc., Fishers. NY) at 
diameters under 1 cm. The distance per cycle is proportional to the voltage applied and can be 
varied between several himdred nanometers and 8 ^m. 

To produce a cross-sectional image of tissue using one embodiment, a single line of 
fibers in bundle 38 may be scanned repeatedly, with the depth of focus advanced between each 
line scan. The speed of the translation system may be sufiBcient, in one embodiment, to 
advance the depth of focus at 8 kHz, the intended line scan firequency, in 1 jun steps, resulting 
in cross sectional images to depth of 512 fmi at half video rate. 

Another embodiment of the system is a variable optical-power element located at the 
aperture stop of the confocal-microscope objective 46. The aperture stop is located at the rear 
focal plane of the objective 46 (this makes the objective telecentric in object space). If an 
optical element is located at a focal plane of another optical element, the total power of the 
combination remains unchanged. What changes is the location of a principal plane. Principal 
planes are used in compound optical systems, such as microscope objectives, as reference 
planes for object and image distances. The introduction of a variable-power element in the rear 
focal plane of the microscope objective may provide a lever to translate the firont principal 
plane. The location of the rear principal plane remains fixed By changing the power of the 
additional optical element, one may translate the front principal plane and with it the location of 
the object plane. Such an embodiment is very similar to principles underlying the corrective 
effect of glasses. Specifically, eye-glasses are located in the front focal plane of the eye. No 
change in power results (thus no change in magnification) but correction is achieved via 
movement of the rear principal plane toward the retina, in the case of myopia correction. 

One embodiment of a variable-power clement may include an inflatable lens element 
(not shown), filled witii water or a higher index fluid. One side of die element may be fixed. 
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e.g., plane. The other side of the element may be a flexible membrane, either containing the 
fluid or air in the case of fluid on the outside of the lens. 

Lateral resolution may be deteroiined by the geometrical magniflcation of endpiece 
optics, including coupling lens 44 and objective 46. In one embodiment, the separation 
5 between fibers in bundle 38 may be about equal to the diameter of each fiber. For the endpiece 
arrangement shown in FIG. 3, the magnification is . equal to the ratio of the NA in the object 
plane to the NA at the fiber bundle 38. The separation between fiber images, D, in the sample 
20 may be determined by the magnification, M as: . . 

10 D^FM^F^ 

where F is the separation between the fibers in the bundle 38. The minimum magnification of 
the endpiece to place 2.4 of the fiber images within 3^m is: 

M = 3\un/2AF 

15 

In one embodiment, the fiber separation in the bundle 38 is about S ^m. Using this 
bundle 38 requires a demagnification of 0.2S x between the fiber bundle 38 and the sample 20 
to provide 3 ^m resolution. 

The last variable in the resolution equation are the actual values of NA2 and NA3. 
20 Requiring that the laser light be coi^led mto one fiber at a time determines the value of NA2. 
To produce a beam waist of 5 jim at the face of the fiber, the light mcidcnt on the fiber from 
scan lens 36 must have an NA of 02. The light will exit the fiber bundle 3 8 with the same NA, 
so a demagnification of 0.25 results in NA3 being at least 0.8. Objective lenses with a NA of 
0.8 to 1.3 are conunercially available. 
25 The axial resolution of the system may be estimated from the background equations on 

fiber optic confocal systems and may be about 2.4 \im for NA3 0.8 and a 5 jun fiber. 

In embodiments described herein, possible sources of energy loss in the system may 
include specular reflections firom optical surfaces, absorption of the light by the components, 
and absorption or scattering of the light by the tissue. The losses due to absorption and 
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scattering may be miniinized by using illumination light in the near infiared (MIR) region 
(-800-1100 nm) of the optical spectrum. At these wavelengths the absorption coefficient is 
small compared to the scattering coefficient (Cheong et al., 1990) and is therefore negligible. 

Using incident radiation in the NIR at -800 nm, a suitable detector 28 may be sOicon 
based (Webb and Hughes, 1993). Previous work in selecting detectors (Webb and Hughes, 
1993) has shown that given a signal whidi is a small fraction of the input power and the 
sampling bandwidth of a typical imaging system (-10 MHz), an avalanche photodiode (APD) 
is required. A typical APD and amplifier combination (Hamamatsu C4560) has a minimum 
detectable signal of 1.6 mW for a S/N ratio of 2. As a result, detecting the minimum signal 
requires an input laser power of 195 mW to overcome the electronic noise of the detector and 
an^lifier. This power is achievable with diode lasers and other solid state lasers in the NIR. 

To achieve the acquisition of images at video rates, scan system 34 has to move the 
focused Ulumination light over eveiy fiber optic in the bundle 38 approximately 30 times per 
second. Scan system 34 may be configured to deflect . a collimated beam through a range of 
angles in the transverse plane. The deflection may be achieved by reflecting light fiom a miiror 
vMch is being rotated through a limited range of angles. It is also possible to deflect the beam 
by dif&action with an acousto-optic cell. For a 512 x 512 image, the line scan minor must 
oscillate at 16 kHz to form 30 fi^es a second. The mirror moving the line scan through each 
fiame requires an oscillation frequency of 30 Hz. Because galvanometers can easily achieve 
the 30 Hz and are relatively che^, they may be used for the page scan mirror. The 16 kHz 
requirement on the line scan mirror may be met only by a resonant galvanometer or a spinning 
polygon. 

A typical galvanometer is c^ble of oscillating at firequencies up to several hundred 
Hertz before fiiction and the momentum of the mirror make it tmstable. To achieve higher 
fiequencies there are specially designed galvanometers w*ich oscillate at the mechanical 
resonance fi-equency of the shaft and mirror. Currently the maximum line scan fi-equency of a 
resonant galvanometer is 8 kHz vdiich limits the video acquisition to 15 fi^es per second. 
Because it is a resonant device, the velocity of the 8 kHz galvanometer is sinusoidal. An effect 
of the sinusoidal velociQr is a pixel temporal sampling frequency which varies sinusoidally 
within each line. Specifically, the sampling frequency varies between 7.5 MHz at Uie start of 
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the line to 1 S MHz in the center and back to 7.S MHz by the end Fortunately, the electronics 
to generate the video timing signals fiom the sinusoidal velocity have already been developed 
for the resonant galvanometer by one man\ifecturer. General Scanning. An additional concern 
is the fraction of time spent acquiring pixels, or duty cycle, in each page scan. A resonant 
galvanometer system acquires no pixels in the time it takes the mirror to move between the end 
of a line and the start of the next line» known as the flyback time, so the duty cycle of pixel 
acquisition is only 40%. In the resonant system, the page and line scan galvanometer are 
mechanically integrated into a single mount ^ch makes the optical alignment straightforward. 

In one embodiment, a polygon scanner shown in FIG. 4 may be used in scan system 34. 
As the polygon turns, the incident angle of the light to the mirrored facet increases and the 
beam scanned along a line until the end of the facet is reached, at which time another line scan 
begins with the next facet Because the polygons can rotate at high RPM and there many facets 
in each rotation, the 16 kHz line scan rate is easily achieved. The duty cycle can be as high as 
90% since there is no flyback time between lines. 

Turning to FIG. S, there is shown a confocal imaging apparatus 10 according to one 
embodiment of the presently disclosed methods and apparatus. Apparatus 10 includes incident 
radiation source 32, reference detector 52, variable attenuator 54, filters and beam expanders 
56, iris 58, beam splitter 16, mirrors 60, lens 66, pinhole 30, aperture 26, detector 28, lens 64, 
objective 65, sample 20, and translation stage 62. 

In one embodiment, source 32 may lase in the fundamental transverse mode (TEMoo) 
only. In one embodiment, a Ti:Sapphire laser may be used, which may emit higher order 
modes. These higher order transverse modes may produce phase shifts across the wavefionts 
which may distort the focused beam. 

In one embodiment, interference may be reduced if a source 32 with coherence length 
less than the minimum separation between the elements (-a few mm) is used. In the absence of 
interference, background signal may be subtracted or filtered out to restore the sensitivity. In 
one embodiment, a laser source 32 may lase with multiple longitudinal modes to produce a 
large spectral bandwidth and a corresponding short coherence length. 

To avoid the misalignment, variable beam splitter/attenuator 54 may be introduced into 
the beam path at an angle. The amoimt of light transiriitted through the mirrored surface of the 
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attenuator may be varied by rotating it Such a method may provide a 40 dB range of laser 
power and stable alignment The light reflected from the attenuator may be detected by a 
photodiode to monitor the laser power. 

In one embodiment, using variable beam splitter 54 may cause wavefront distortion. A 
5 spatial filter 56 may be added to clean up the beam and restore the spatial resolution of the 
system. The spatial filter 56 may also be used as a beam expander to increase the diameter of 
the beam, in one embodiment, from approximately 1 mm to 6 min. Expanding the beam may 
reduce the refractive power needed in subsequent lenses, thereby reducing the spherical 
aberration. 

10 Two forms of spatial filter/beam expander are shown in FIGS. 6A and 6B. The 

expanders show a source 32, an objective 68, a fiber 74, an aperture 70, and a lens 72. In FIG. 
6A, the aperture may be about a 10 )im pinhole to match the Gaussian beam waist so that 
only the fundamental spatial mode may be passed (Newport Research Corporation, 1993). 
Approximately 10% of the power may be lost goings through the spatial filter. The ratio of the 

15 lens focal lengths may detennine the expansion ratio. However, using this spatial filter it may 
be cumbersome to keep the laser aligned to the rest of the system due to the long path length 
between them. This problem may be solved by replacing the pinhole with a 830 nm single 
mode fiber as shown in FIG. 6B. If the position or angle of laser beam wanders, the power may 
be restored by adjusting the coupling of the laser to the fiber rather than the realigning the 

20 >^ole system. A consequence of using the fiber instead of the pinhole may be an increased 
power loss of approximately 20% through the spatial filter and a corresponding loss in 
sensitivity. 

Iris 58 may be placed in the path of the coUimated beam to control the diameter of the 
beam at the aperture of the objective. The diameter of the iris may be reduced until the 
25 diameter of the laser light and the objective match the diameter of the objective's aperture. In 
one embodiment, it may be critical to fill the aperture of the objective to maintain the spatial 
resolution (Keller, 1989). It may also be important not to introduce any excess light into the 
system to minimize specular reflections. The use of iris 58 meant that only the necessary light 
entered the system. 
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In one embodiment, beam splitter 16 may be designed to reflect 50% of the light in the 
near infiared (NIR) region of the spectrum. The side without the reflection coating may have 
an antireflection (AR) coating to reduce specular reflection. Even with the AR coating, a ghost 
reflection from the nonreflective side may be observed at the lens closest to the detection 
5 pinhole. A beam splitter 16 fabricated with a small angle between the two faces, a wedge 
angle, may be used to separate the ghost reflection from die signal light Without the wedge 
angle, the sensitivity may have been reduced because this ghost reflection would be detected as 
a background signal. 

The BS 16 may be placed in a mechanical mounting with X-Y tilt to facilitate the 
10 alignment of the signal light with the pinhole lens. It may be critical that a stable mount be 
used for the BS 16 since any movement of the BS 16 due to vibrations may cause movement of 
the focused light 

In the illustrated embodiment, three mirrors may be included in the system to make the 
sample arm vertical to the plane of die table. Only two of these mirrors 60 are shown in FIG. 5. 
15 Mirrors with a surface flatness of X/IO may be used to minimize die distortion of die 
wavefronts. 

FIG. 7 demonstrates the effects of aberrations created by a nurror of poor surface 
quality on the axial response of the reflectometer. The peak to the left of tiie central peak 
indicates minor-induced astigmatism (Cogswell and Larkin, 1995) as well as spherical 

20 aberration. The response was measured by scanning the surface of microscope slide through 
the focus of the objective with water as the immersion medixun. An axial scan from the 
corrected system wiUi same dimensionless pinhole radius, v^, is included for comparison. 

Two of the mirrors 60 may be placed in X-Y tilt mechanical mountings. Together diey 
may function as steering mirrors to adjust the lateral position and propagation angle of the light. 

25 The ability to manipulate the position and angle of the light was crucial to aligning Ae 
complete system. 

In one embodiment, inherent spherical aberrations of lenses 64 and 66 may degrade the 
resolution of the system. Spherical aberration is proportional to the height of die ray from die 
optical axis and die optical power of each surface (Smidi, 1990). As such, die spherical 
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abenation of each lens may be minimized by aligning each normal to the incident light and 
distributing the lefiraction of the light between both sur&ces. 

Using lenses with multilayer AR coatings designed for the illumination wavelength may 
reduce the amount of specular reflections detected. This may be especially critical with the 
S interference between the specular reflection light and the signal light 

To maintain the optical resolution when detecting signals within sample 20, it may be 
necessary to match the index of the medium between the objective and sample to the index of 
the sample. Spherical aberrations may be created by the redaction at the surface of the sample 
if the index of the medium was different from the index of the sample (Sheppard et al.^ 1994; 
10 Sheppard and Gu, 1992). An immersion objecdve with an index correction collar may be used 
to match the index. 

In one embodiment, immersion objectives may be designed to work with a conjugate 
image 150 mm behind the shoulder of the objective 65. Because the aberrations of the 
objective may be well corrected for a 150 mm conjugate image, the focal plane of lens 64 may 
15 be placed at the 1 50 mm conjugate. 

In one embodiment, the conjugate image was placed 130 mm behind the objective. The 
effect of the abenations on the axial response to the surface of a microscope slide is shown in 
FIG. 8. Most of the resolution loss was due to spheirical aberration (Sheppard and Cogswell, 
1991). 

20 Unfortunately, most microscope objectives are built for transmission microscopy or 

epifluorescence rather than reflectance imaging and the amount of specular reflection ftom the 
lenses within the objective is not considered in its design. Although most objectives do use AR 
coatings, the coatings are typically designed for visible wavelengths and woric poorly m the 
NIR. As a result, the objective may, in one embodiment, contribute the largest part of the 

25 specular reflection to the background signal. 

In one embodiment, pinhole 30 may be placed in a mechanical mounting capable of 
translating in the three dimensions. Lens 66 may be selected so that the minimum pinhole 
diameter, shown as aperture 26, needed for a Vp of 2, may be equal to about 10 mm. Pinholes 
smaller than 10 mm may need more translation sensitivity than some stages can provide. 
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The response of apparatus 10 to the surface of a microscope slide immersed in water 
may be quantified for a range of pinhole diameters. Some resulting scans are plotted in FIG. 9 
for vp of 3, 5, and 10. The conesponding physical pinhole diameters were 15, 25, and 50 jim. 
The measured FWHM axial resolution is plotted in FIG. lOA along with the theoretical 
prediction for axial resolution. The measured resolution is close to theoretical expectations for 
small Vp but less accurate at higher The separation between ideal and measured values 
matches previously published results (Wilson, 1995) in v*ich the separation was related to the 
differences between the actual piq>il function and the pupil function used for the theoretical 
calculation. 

The peak amplitudes from the scans may be normalized to the Vp = 10 peak amplitude 
and are shown in FIG. lOB. Theoretically, the signal amplitude has been shown (Wilson, 1995) 
to decrease according to 1 - JflfVp^^ - Ji(vj^2 where is a Bessel function of the n'* order and 
first kind. In order to compare the measured to the theoretical signal amplitude, which predicts 
that the normalized signal will go to one as Vp goes to infinity, the peak value of the largest Vp 
used was normalized to one. The measured peak values arc less than predicted for the smallest 
values of v^. The increased loss of signal over the theoretical prediction is most likely a result 
of aberrations (Sheppard er a/. , 1 994). 

In one embodiment, a General Scanning 8 kHz video scan head (VSH-8), pictured in 
FIG. 11, may be mserted in the experimental setup as part of scan system 34 as shown in 
FIG. 12. FIG. 12 shows an apparatus 10 mcluding a source 32, an attenuator 54, a filter and 
expander 56, an iris 58, a beam splitter 16, mirrors 60, lens 66, detector 28, scan system 34, 
scan lens 36, objective 65, sample 20, translation stage 62, controller 76, and scanning system 
control electronics 78. 

The VSH-8 consists of a galvanometer and a resonant galvanometer mounted at right 
angles in an aluminum bracket The laser light strikes a paddle minor mounted to a larger 
galvanometer in FIG. 11 and is reflected upward into the resonant galvanometer mirror. The 
paddle minor scans the laser beam up and down the page at 15 Hz. Tbe 8 kHz resonant 
galvanometer deflects the laser light into a line scan from its 5 mm by 7 mm diameter oval 
mirror. The small diameter of the mirror attached to the resonant galvanometer may be the 
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limiting aperture of the system. The long axis of the oval mirror may be placed in the axis of 
the paddle mirror's rotation so that the clear aperture is 5 mm at all angles scanned 

Coupling lens 36 may couple the light deflected from the scan system 34 into the 
microscope objective 65. In one embodiment, the requirements on the design were 1 ) the laser 
light fill the back aperture of the microscope objective lens for all scan angles and 2) the light 
be focused at the conjugate image plane ISO mm from the shoulder of the objective 6S. In one 
embodiment, a 2Sx, 0.8 NA immersion objective was selected for the system. FIG. 13 shows 
the design requirements and variables according to one embodiment 

In one embodiment, to construct images from the detected secondary radiation, it may 
be necessary to sample the voltage of the APD detector 28 in a sequential pattern to fonn the 
pixels within each line and the lines of a video frame. The VSH-8 control electronics may 
provide timing signals to a video acquisition computer card, vdiich may be a part of control 
electronics 78, as to when each pixel was sampled, when a line started and stopped, and when a 
frame (image) started and stopped. 

The general sh£^ and timing of tiiese sigbds is shown in FIG. 14. A frame acquisition 
may begin with tiie vertical sync clock (VSYNC) dropping from 5 V to 0 V. At the next rising 
edge of the horizontal sync clock (HSYNC) the video card may begin to sample pbcels from the 
APD voltage at intervals given by tfie rising edge of tiie pixel clock (Fix CLK). The video card 
may be programmed to sample 512 pixels for each line. In one embodiment, no pixels were 
acquired during the time required for the mirror to reverse direction and fly back to the 
beginning of the next line. The next line began with the next rising edge of the HSYNC signal. 
A frame was completed after acquiring 512 sequential lines. The next frame started on the 
falling edge of tiie VSYNC signal. 

Because the velocity of the resonant galvanometer may be sinusoidal, the frequency of 
the pbcel clock varied sinusoidally as well. In one embodiment, at the start of a line's active 
region flie frequency was approximately 7.5 MHz. It rose to 15 MHz in tiie middle of the line 
and returned to 7.5 MHz at the aid of the line. The varying frequency of the pixel clock 
presented a problem for commercially available video cards. Most video cards arc 
manufactured to acquire the RS«1 170 standard composite video signal which uses a pixel clock 
of a fixed frequency. In feet, all known video cards employ a phase-lock-loop (PLL) to lock 
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onto the pixel clock frequency. A catd with a PLL is unable to skew its center frequency from 
7.5 to 15 MHz and back again to 7.5 MHz within each line. In addition, many video cards 
expect the signal voltage to drop to a reference level, or black level, before the start of each line 
to which a gain of an amplifier is set No reference level existed in the APD voltage used here. 
5 Video cards firom Dipix (Dipix Technologies Inc^ Ottawa, Ontario, Canada), Matrox (Matrox 
Video Products Group, Quebec, Canada), Epix (Portland, OR), Data Translation (Data 
Translation, Inc., Marlboro, MA), and MuTech (MuTech Corporation, Billerica, MA) were 
evaluated for their ability to handle both of the above problems. Only the MV-1000 video card 
from MuTech appeared to capable of bypassing its PLL. A MV-1000 card was acquired and 

10 placed in the PCI local bus of a Pentium 200 MHz computer. The high bandwidth of the PCI 
bus was needed to display the acquired images on the compmer screen at 15 frames a second. 
However, it was discovered that the MuTech card was not able to bypass its PLL and could not 
acquire images using the pixel clock from the scanning system. A working solution was to 
program a constant sampling frequency of 1 1 MHz into die video card. Using a frequency 

15 halfway between the needed values aligned the pixels in adjacent lines enough to form a 
cohesive image of the test target Because the frame grabber was acquiring at a fixed finequency 
vdiile the pixel clock fi:equency continued to vaiy» the acquired images were sinusoidally 
distorted. The video card was also progranuned to low pass filter the sampled data at 5 MHz to 
avoid violating the Nyquist sampling criteria. To date, MuTech has been unwilling or unable to 

20 rectify the problem with the PLL and pixel clock. The only possible solution may be physically 
altering the video card to bypass the PLL. 

In one embdoiment, software was written to control the video card and display the 
acquired images on tiie computer screen (Prasankumar and Gopinath, 1997). The program was 
constructed from the MCC foundation class libxaries in the C+f language. A windows-based 

25 32 bit program was compiled under the )^mdows NT operating system. 

The card converted the analog voltage into 256 digital gray levels. Several acquisition 
control options were given to the user through drop down menus. The analog voltage range 
over which the 256 levels are digitized was selected by the user with a maximum range of 0 to 
5 V. The 256 levels were digitized on a linear, log, or inverse linear scale through the use of a 

30 look up table (LUT). Using logarithmic digitization increased the visibility of the small 
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amplitude signals; however it also increased the visibility of the shot noise in the image. As 
such, more contrast was observed in the image using the linear or inverse linear scale. Whether 
to use the linear or inverse linear scale was a user preference although the following results 
demonstrate that each method appeared to bring out different features in the same image. The 
S user also had the option to scale the input voltage signal by a DC offset of -2.5 to 2.5 V before 
digitization. Typically an ofi&et was used to compensate for a background signal or to boost the 
voltage of the signal into the digitization range. Ideally the acquired images used the entire 
range of 256 levels (Castleman, 1979). To assess the number of gray levels being used, the 
program displayed a histogram next to the image: The histogram was updated 15 times per 

10 second. The gray levels of the image were equalized by adjusting by the laser power, A/D 
range, and/or the DC offset. 

In one embodiment, images of mtcrest may be frozen, or grabbed, by the software and 
saved to a file. To record dynamic events, the real time video was captured on a super VHS 
video tape. An adapter (ADS, SuperScan 2, ADS= Technologies, Cexritos, CA) was placed in 

15 the cable between the computer and monitor to convert the monitor's SVGA signal to the super 
VHS format vAdch was fed into the SVHS VCR. Individiial video frames of interest on the 
tapes were played back on an editing VCR and c^tured to a computer file by a video frame 
grabber. 

In one embodiment, a contrast agent may be used to aid in imaging. In one 
20 embodiment, breast cancer cells were imaged before and after exposure to acetic acid. The 
image of the native cells may resolve the nuclei and the cell membrane, however the contrast 
may vary from cell to cell. In one embodiment, the addition of 20 ^1 of 6% acetic acid to 200 
^l of the native cells in saline may cause a dramatic increase in the signal from the nuclei and 
the intra-cellular contents. The same illumination power may be used for all images. The cell 
25 nuclei and cell outline may become very distinct with the addition of acedc acid and the 
contrast may be increased from the image of native cells. ALA may also be used as a contrast 
agent Again, the signal from the cell may increase, however, only the contrast to the outline of 
the cell. In other embodiments, toluidine blue, hypertonic saline, hypotonic saline, or iodine 
may be used as contrast agents 
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In one embodiment, specular reflections may be reduced fiom fiber bundle 38. One 
obvious reduction method is to place anti-reflection coatings on the faces of bundle 38. The 
highest efficiency AR coating could have reduced the reflections from 4% to 0.3% of the 
incident power. Commercial confocal microscopes have utilized poiaiization based techniques 
5 to reduce the reflections by approximately three orders of magnitude. However, the fiber optic 
bimdle 3S may not maintain the polarization of the light traversing it, thereby reducing the 
efifectiveness of polarization control. 

In one embodiment, an oil - index matched to the index of the fiber bundle 38 in the 
space between the scan lens 36 and the bundle 38 may be used. Ideally an oil with an index of 

10 refraction matching that of the fiber bundle 38 could be used to eliminate the reflection from 
the bundle frices. However, there are at least two indices of glass in a typical bundle; one glass 
for the fiber cores and another for the claddings. The difference in the index of the two glasses 
can be quite large. There are Aree manufacturers of fiber optic bundles: Schott, Sumitomo, and 
Fujikura. The Schott fiber bimdle uses a core index of 1.58, a cladding index of 1.48, and a 

IS filler glass with an index of 1.61 in the spaces between the claddings. The other two 
manufacturers use fused silica for the cladding ahd'a Germanium-doped fiised silica core. The 
Sumitomo bundle uses a core index of 1 .494 and a cladding index of 1 .453. Fujikura states that 
the absolute index of the core and cladding is proprietary mformation so the values for the 
indices were extrapolated from the material description and the given 0.41 NA. The calculated 

20 core index was 1 .5 1 assuming the fiised silica cladding has an index of 1 .45. 

In one embodiment, if an oil with an index equal to the fiber core is used, large 
reflections from the cladding may be seen from the proximal end 40 of the fiber. In one 
embodiment, an immersion oil index was used that was about halfway between the core and 
cladding indices at the proximal end 40. Aldiough a reflection may still be seen from the core 

25 and cladding, its amplitude may be constant over the face of the bundle. The detected D.C. 
signal from the APD may then be high pass filtered to remove the specular portion. At the 
distal end 42, an immersion oil with an index equal to the core index of the fiber bundle 38 may 
be used to essentially eliminate the specular reflection fit>m that fiace. 

In one embodiment, one of the assiunpdons for the required reduction in specular 

30 reflection was a laser coherence length less than the separation between the fiber faces and the 
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image plane. Theoretically, the reflection from the distal end of the fiber could be eliminated 
by matching the index of the immersion oil exactly to the core index. In reality, it may not be 
possible to totally eliminate die reflection. As such, the coherence of the laser may be required 
to be less than the 10 cm separation between the distal end of the bundle and the image plane. 
S In one embodiment, a diode pumped NdiYAG laser manufactured by Uniphase was used as 
source 32. 

FIG. IS shows one embodiment of scan lens 36. Also shown are galvanometer minor 
80, proximatal index matching agent 88, and fiber bundle 38. The NA of the scan lens may be 
detemiined by two factors: the required magnification of the endpiece and the diffraction limit 
10 to the spot size. In one embodiment, scan lens 36 may have a NA of about 02, but it will be 
understood that other NA may be used according to, for instance, specific design specifications. 
FIGS. 16, 18, and 20 illustrate alternative designs according to other embodiments. 

FIG. 16 shows a lens as modeled by Zemax. A plot of the encircled energy for this 
design is shown in FIG. 17 to demonstrate that the lens had significant aberrations when used in 
IS the scan lens application. Plots are shown for the resonant mirror normal to the optical axis and 
at the maximum required scan angle of 3.6 degrees; The major cause of the aberrations was the 
addition of the index matching oil in the image space. The dominant aberrations in the Seidel 
aberration coefficients were spherical and coma. 

To correct the aberrations, the the thickness, spacing, and curvature of the elements may 
20 be minimized. Another embodiment of scan lens 36 is shown in FIG. 18. The encircled energy 
plot is shown in FIG. 19. 

FIG. 20 shows another scan lens 36 design. The designwas obtained widi a pair of 
Sq)phirc plano-convex lenses (Melles Griot, 01LSX009/126, Irvine, CA). The encircled 
energy plot of the lens is shown in FIG. 21. The on axis focus was difi&action limited, 
25 however, the marginal focus was less than diffraction Umited. Spherical aberration from the 
first sapphire lens was the principal cause. The gaussian beam analysis predicted a 3.4 \m 
waist diameter on axis. 

In one embodiment, design objectives for the coupling lens included the control of the 
magnification in the endpiece to fill the back aperture of the microscope objective 65 and to 
30 immerse the distal end 42 of the fiber bundle 38 in a distal index matching agent In one 
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embodiment, a de-magnification of 0.25 between the fiber bimdle 38 and the image plane was 
used to achieve a desired resolution. A 40x 0.75 NA water immersion objective was chosen for 
the microscope objective. 

FIG. 22 depicts the arrangement between the lenses in the endpiece. FIG. 22 shows 
5 bundle 38, endpiece 48, distal index matching agent 90, coupling lens 44, objective 46, and 
image plane 24. The aberrations of the objective 46 may be corrected if the light enters the 
objective fcom a virtual focal plane about ISO mm behind the objective 46 shoulder. This is 
shown in FIG. 28 by the dashed lines. To fill the 7.5 mm objective aperture, the light would be 
leaving the 1 SO mm conjugate focus with a 0.02 NA. 

10 In one embodiment, the function of the coupling lens was to modify the NA of the light 

exiting the fiber bundle from a 0.2 NA to a 0.02 NA. In addition, in one embodiment, the 
coupling lens may fill the 7.5 mm back aperture of the objective. In an embodiment using oil 
as distal index matching agent, the index of the oil m front of the bundle 38 may be selected to 
match the index of the fiber cores. 

15 One embodunent of a coupling lens system 44 is shown in FIG. 23 in vAdch the light 

emerges from a fiber on-axis and at the margin of the bundle, ^th this design less than 0.2 
waves of optical path difference was estimated at the virtual focus and the light from both fibers 
was centered on the objective aperture with the correct diameter. 

In one embodiment, a system of mechanical mountings to align and hold the elements at 

20 the specified distances was designed (Bowman, 1997). A diagram of one setup for scan lens 
mounting is shown in FIG. 24. 

In the embodiment of FIG. 24, fiber bundle 38 may be epoxied within an SMA 
connector 92 and attached to the housing by a plate and three screws 94. The connector 92 may 
be inserted into a reservoir 98 with an Oring 96 seal. The mounting of the scan lens 36 and the 

25 fiber bundle 38 may be separated by a rubber membrane 100 to allow for axial translation of the 
bundle 38 through the focus of the scan lens 36. The opposite end of the chamber may be 
sealed by epoxy glue 102 placed around the piano face of the lens. The separation between the 
lenses may be controlled by the thickness of the spacers 104 and 106 and the locking ring 108. 
One embodiment of a coupling lens mounting is shown in FIG. 25. A 40x microscope 

30 objective 46 may be threaded onto the endpiece. An 0-ring 110 may be placed between them 
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for a water tight seal. The separation between the lenses may be controlled by the thickness of 
the spacer 112 and lens mount 114. Silicone RTV glue may be used to seal the reservoir 116 
with the piano side of the singlet lens. The fiber bundle 38 may be epoxied into an SMA 
connector 118 v/bich may be immersed in index matching oil. The assembly may be held 
S within the endpiece by the locking collar 120. 

To assess the efiSciency of rejecting the specular reflections with refractive index 
matching, the proximal face 40 of the immersed fiber bundle was imaged with the confocal 
microscope. Initially, oils with indices of 1.478 and 1J06 (Catgille Labs, Cedar Grove, NJ) 
were used at the proximal and distal end, respectively. The indices of the oils were scaled fiom 

10 the design values to account for the change in wavelength to 1064 nm. The image from this 
arrangement showed a larger signal firom the cladding rather than the anticipated equal 
intensity. The index of the oil at the proximal end was reduced until the signal from the core 
and cladding become approximately equal. FIG. 26 shows an image of the bundle face with an 
index of 1.463 at the proximal end and L50S at the distal end. The image shows that the 

IS reflections from the fiber cores were not uniform acrbss the core diameter. An index of 1 .463 
was chosen as the optimal value to use at the proximal end of the bundle since it made the 
reflection from the cores slightly greater than the cladding. On average, a ratio of 1.3 was seen 
between the signal intensity in the center of the cores and the cladding. Varying the index of 
the oil at the distal end from 1.505 did not change the core reflection intensity indicating that 

20 the amplitude of the reflection from the distal face is insignificant compared to reflection from 
the proximal end. An index of 1.505 was chosen for the endpiece. With the selected oil indices 
iri place, the deteaed specular reflection from the front face was approximately 5 x lO"^ of the 
laser power into the systentL Methods for dealing with the varying specular reflection are 
presented in the following discussioiL 

25 A diagram of one embodiment of an assembled fiber optic confocal microscope is 

shown in FIG. 27. FIG. 27 shows a source 32, a variable attenuator 54, objectives 120 and 122, 
beam splitter 16, objective 66, aperture 26, detector 28, scan system 34, scan lens 36, fiber 
bundle 38, coupling lens 44, objective 46, sample 20, controUer 76, and electronics 78. 

In this embodiment, the 1 mm beam from the Nd: YAG laser was expanded to 6 mm by 

30 the pair of microscope objectives. A beam splitter 16 with a reflection coeflRcient of 27% was 
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used to increase the fraction of signal passing to the detector 28. As a result, the illumination 
power and the coiresponding specular reflection was reduced The scan lens 36 was aligned to 
the optical axis by centering the reflections from the lens surfaces back onto the illumination 
path. To align the axis of the fiber bundle 38 with system, the light from a lamp illuminating 
the distal end 42 of the bxmdle 38 was imaged back through the system. The position of the 
lens assembly was adjusted to center the light from the bundle 38 on the aperture of the Sx 
objective 120. A SO diameter aperture 26 was placed in firont of the APD detector 28 to 
reject the light returning from adjacent fibers. 

An image of a mirrored grating acquired by the fiber microscope of FIG. 27 is shown in 
FIG. 28. The distance between the lines is 25 jmi lines. No instabUity due to interference was 
observed. The measured lateral resolution fix>m the image was 5^m±2^mi standard 
deviation. The measured FWHM axial resolution from scanning a mirror through the focus was 
15 pm. The anticipated spatial resolution from the design analysis was 2^ pm in the lateral 
direction and 2.8 fim in the axial direction. The observed field of view was 170 pm rather than 
the anticipated 210 pm. Because a scan angle of ± 2;2 degrees spanned the diameter of die 
bundle 38 as expected, the difference in field of view must originate in the coupling lens. 
When the fiill scan angle was used, bright reflections &om the aluminum SMA connector were 
seen in the comers of the image. The scan angle was reduced to ± 1.5 degrees to avoid the 
signal blooming caused by the bright reflections. 

An image of a planar mirror analyzed by the apparatus in FIG. 27 is shown in FIG. 29. 
The image shows a mottled pattern in the detected signal. This same mottled pattern was 
observed in an image of the fiber bundle face acquired during the evaluation of the scan lens. 
In that particular image, the major source of signal was the glass/air reflection at the distal end 
of the bundle. Although tmclear, the pattern may indicate a varying coupling efficiency of the 
laser light into die uneven spatial distribution of the individual fibers. FIG. 29 also shows a 
drop in the intensity of the signal between the bottom and top of the image. Possible causes for 
the drop off include vignetting of the light in the endpiece or an increase in the scan lens focal 
spot diameter at the top of the image. 

In one emobodiment, an endoscopic confocal imaging apparatus is provided. An 
endoscope may be constructed in accordance with the disclosure herein, and may include 
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elements shown in, for example, FIG. 2. However, , to form an endoscopic apparatus, and 
endoscope portion must be formed. FIG. 30 shows an endoscope according to one embodiment 
of the presently disclosed methods and apparatus. In this embodiment, the endoscope 200 has 
two main parts, a coupling lens 44 and an objective.46. In one embodiment, coupling lens 44 
5 may be customed made in accordance with the present disclosure. Objective 46 may be a 40X, 
0.75NA commercial microscope objective. 

In the actual setup the laser light may be guided and manipulated by an arrangement of 
several additional components. The system components may be motmted in adjustable holders 
and aligned on a precision table. The resulting optical pathway may be bi-directional, as it 
10 serves both to deliver the laser light onto the sample and to return the reflected light to the 
detector, such as a APD. 

In practice the confocal endoscope described herein is simple to operate. After turning 
on the power, the endoscope is brought into contact with the surface of interest Real-time 
images may be continuously displayed on the computer monitor, and may be recorded with 
IS standard equipment such as a video cassette recorder. 

The confocal microscope images at its focal plane, vAdch. in one embodiment, is 
located 400 [un from the glass fece of the endoscope's microscope objective. The semi- 
translucent nature of epitheliimi allows the microscope to image arbitrary planes up to 200 ^m 
deep into the tissue. Methods for the adjustment of the depth at which the microscope acquires 
20 images may inlcude the use of a suction hood attached to the microscope objective to pull the 
sample, such as an epithelium sample, toward the endoscope. If needed, the hood may also 
allow a tissue surface to be flushed with a fluid such as water or saline. 

HG. 30 is an overall assembly drawing of an endoscope according to one embodiment 
The foundation of the endoscope is its precision bored tube 202 that holds the stack of parts 
25 known as the coupling lens 44. In one embodiment^ the coi^>ling lens consists of a spacer 204, 
a index matching reservoir 208, a fiber optic bundle 38, a bundle shield 222, and items that both 
seal the reservoir and hold the bundle in place (parts 218, 220, 210, and 212). All these parts 
may be securely held in the tube by the clamping action of the threaded microscope objective 
46 and a nut 216. 



t 
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The lens elements of coupling lens 44 may first glued to their respective mounts with 
cynoaciylate (4014 wicldng-grade medical device adhesive, Loctite Corporation, Rocky Hill, 
CT). Later epoxy (Bipax Tra-Bond BA-F120. Tra-Con, Inc., Medford, MA) was applied to the 
lenses for greater attachment toughness and durability. Positioning of the glass on the metal 
S prior to gluing may be achieved through the use of a milling machine. 

In one embodiment, axial positioning may be controlled by the length and squareness of 
each stacked element The doublet mount 206 may provide accurate axial spacing between the 
surrounding elements. Due to tight tolerancing, the optimal axial spacing may be assured 
without the need to add additional spacers or compensators during assembly. 

10 Radial positioning is a more complex matter, and is principally controlled by the 

doublet mount 206, which is the only unthreaded part that contacts the tube's inner wall. The 
index matching reservoir 208 is then naturally aligned with the doublet mount by the singlet 
lens. The fiber bundle 38 is consequently also naturally aligned with the doublet mount, as 
long as the hole for the bundle shield 222 was machined within tolerance. In one embodiment, 

IS due to the flatness of the doublet lens' left surface, it cannot be relied \xpon for natural alignment 
and therefore it must first be centrally glued onto the doublet mount This provides a precision 
edge which is used for alignment with the tube (although the fluid reservoir's edge could have 
been chosen for this purpose instead). The radial alignment of the microscope objective may be 
dependent on the accuracy of its threads, which is a potential weakness since threads are 

20 considered by some experts to be notoriously inaccurate for positioning. The spacer 204 plays 
no role in radial aligiunent 

Tilt alignment depends on the squareness of machined edges and threads throughout the 
lassembly, the tilt of lenses when glued, and on the squareness of the nut 216. If the nut is not 
square, it will force a tilt in the fiber bundle and fluid reservoir, as the natural centering of the 

25 singlet lens (the lower lens element of coupling lens 44) allows this unit to swivel like a ball 
joint in a socket 

In one embodiment, there are five fluid seals on the endoscope: three external seals to 
keep sanitizing fluid and body fluids firom entering the optics, and two internal seals to contain 
the index fluid. Two of the external seals may consist of Viton 0-rings (available fix>m Small 
30 Parts, Inc., Miami Lakes, FL), a fluorocarbon elastomer that is resistant to many chemicals 
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including liquid silicones like the index fluid, and gluteraldehyde (the sanitizing chemical). 
The third external seal may be foimed by the pipe thread fitting that connects a fiber shield to 
the endoscope handle. 

In one embodiment, the internal seals are the gliies that attach the singlet lens to the 
reservoir and the small O-ring that surrounds the fiber bundle shield. These seals must not 
degrade over rime, but they need not be strong. The index fluid exerts only a gravitational 
pressure on these seals, and pressures due to temperature effects are inconsequential. The O- 
ring seals against all four of its surrounding surfiices by compression when the clamping screws 
220 are tightened. FIG. 31A depicts the mechanical interaction of parts that create this seal. 
The fiber cap and the O-ring cap were designed as two separate pieces to allow their removal 
firom the fiber bundle. FIG. 3 IB shows how the variation in O-ring dimension affects its fit and 
hence the seal. The concern is that extreme sizes, large or small, will not make a good seal. 
Given a mid-sized O-ring, there is about 0.006 inches of clamping compression, which was 
deemed sufficient to counteract the fluid's pressure while not stripping the clamping screws' 
threads. 

In one embodiment, this clamped O-ring seal design was found to have a slow leak. 
Rubber cement was applied over the assembled joint to retain the index fluid, but other 
embodiments may reduce the volume allotted for seating the O-ring within the O-ring cap to 
attempt to address the leaking. 

The fiber shield 222 may be is an important contributor to the durability of the 
endoscope, as the fiber bundle may be the most ftagile part of the apparatus. The principal 
threats are that the bundle will be bent too sharply or torqued too far. A fiber shield also needs 
to be water tight to maintain the endoscope's envirorunental seal, and should be easily cleanable 
and sanitizable as well. Alternately, much of the endoscope can be protected fiom infection by 
coveting it with a sterile, disposable plastic bag. 

The endoscope's fiber shield may be made from a stiff polypropylene tubmg and may be 
attached to the endoscope handle with a hose-barb to pipe thread coimector that both prevents 
bundle torquing and maintains the endoscope seal. This shield discourages sharp bending of 
the fiber, but a determined effort could still cause a fiber-breaking bend. 
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FIG. 33 shows a design of a scan lens 36 and assembly. In this embodiment, the scan 
lens 36 consists of two tubes (parts 282 and 284) connected by a flexible fluid-filled chamber 
(parts 264 and 266). The fiber bundle connection and seal use parts that are identical to those 
on the endoscope. 

5 Face-contacting spacers (parts 270 and 272) provide the alignment for the three lenses 

. (parts 276, 278, and 280). Due to the flat sides of the two lenses, the spacers need to be slip-fit 
with their tube in order to provide radial alignment 

The index matching reservoir is filled through a t2q>ped hole on the fiber tube (part 284). 
The reservoir seals (part 268) are syringe-applied household silicone sealant (Dow Coming 

10 Corporation, Midland, MI). Later the iimermost seal was removed, as the acetic acid that 
silicone produces during curing seemed to be contaminatmg the index fluid and causing visible 
inhomogeneitics in the index of refraction. As index fluid contamination with dirt and the 
general cleanliness of lens elements may present a problem, other embodiments may use 
different cleaning access to the assembled lens. 

IS The flexible coupling may be constructed from material cut from a common Glad 

sandwich bag, and was attached to the tubes with cable ties. Sealing may be accomplished with 
Devcon Rubber Adhesive (ITW Brands, Wood Dale, IL). This flexible coupling allows the 
distance between the lens elements and the fiber bundle to be varied. 

This flexible coupling is one example of where the positioning accuracy required (less 

20 than 0.0005 inch) was too tight to be machined accurately at the inventors' facility, and 
therefore adjustability was required. Adjustment of this distance was performed by holding the 
lens tube rigid while using a micrometer-driven stage to position the lens tube. The stage was 
translated imtil the spot size reached a minimum, as determined by looking at the distal end of 
the fiber bimdle through a mi^oscope. 

25 In embodiments described herein, a safety interiock may be used to prevent eye damage, 

herein the laser could not be turned oh tmless contact with tissue was assured. Regarding the 
hazard of electrical shock, shorts in the scan system may have no conductive pathway to the 
patient if plastic connectors are used to couple the metal fiber shield. In all these cases, the 
American National Standards Institute (ANSI) publishes guidelines for allowable exposures. 
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Biocompatible materials may be used with the apparatus described herein, and are 
important for any temporarily invasive device since tissue contact is impossible to avoid. 
Additionally, there is a possibility that a part will break off and remain in the patient for an 
extended period. Metals such as stainless steel and aluminum are nontoxic, but various plastics 
can be highly toxic. All plastics used should be made from a medical grade polymer to assure 
their safety. Plastics manufacturers, including Dow, DuPont, and Elf Atochem can supply 
versions of popular plastics, such as hi|^ density polyethylei^ (HDPE), Pebax, and Hytrel, that 
are considered safe for endoscope applications and meet FDA specifications. 

The endoscope described herein may be disinfected as known in the art Disinfection is 
part of the daily usage of an endoscope. The design of the endoscope directly effects how easy 
and effective cleaning techniques will be. Specific cleaning methods and chemicals must be 
explicitly planned for. Current good cleaning practices recommend sterilization or at least 
high-level disinfection ("defined as the inactivation of all vegetative bacteria, mycobacteria, 
fungi, and viruses, but not necessarily all bacterial endospores" (Martin and Reichelderfer, 
1994) for endoscopes that come in contact wth mucous membranes or nonintact skin. First the 
endoscope must be scrubbed thoroughly, especially in any woricing channels. The disinfection 
agent can be an alkaline glutaraldehyde bath for 20 min minimum, followed by a sterile water 
rinse and thorough drying. Additionally, channels should be rinsed with a 70% alcohol solution 
followed by compressed air to totally dry the device (Martin and Reichelderfer, 1994). The 
actual practices of hospitals have been reported (Rutala et al, 1991) and should be taken into 
consideration rather than taken for granted. To facilitate this cleaning, exterior surfaces should 
be smooth and free from undercuts where bacteria or cleaning fluid might remain after 
washings. 

Ergonomic considerations are important for the endoscope user as well as the patient 
The user's primary concern is that the endoscope is easy to handle, position, and hold in place 
for an extended period. The device's weight, diameter, and handle design play the largest roles 
here. Minimizing weight makes it easier for the user to hold it for extended times. Reducing 
the diameter allows for better positioning and observation of spatially constrained cavities. A 
good handle may improve the user's ability to steadily position the device, and is in addition an 
obvious indicator of the overall refinement of the ergonomic design. Potential handles include 
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a straight tube like a flashlight, a contoured grip similar to that of a screwdriver* or a pistol grip 
that allows a more natural wrist positioa A successful example of a comfortable and 
lightweight pistol-style grip can be found on a Fluke 80T-IR Temperature Probe (Fluke Corp., 
Everett, WA). 

5 Natural centering is widely recommended as a straightforward and highly accurate 

method for assuring that multiple lenses will share a common central axis. However, no paper 
encountered was willing to quantify the absolute accuracy that could reasonably be expected 
fiom natural centering. This accuracy is potentially an importajit piece of information, as the 
endoscope may have a higher tolerance requirement than many typical optical systems. Both 
1 0 the scan lens and the coupling lens may be designed to use the faces of lens elements to achieve 
natural centering. 

One source (Cade, 1988) warns that natural centering will not work for lenses with a 
radius greater than 25 or 30 iiL (635 or 762 min), and suggests in these cases to instead use the 
lens* edge for centering. However, the source does not mention how far from the central axis 
15 the surface is contacted. This distance has a large effect on the wedging angle and the lens* 
tendency to center. Another source identifies this wedging angle, or "the net difference in 
inclination of the front and back lens surfaces at the contact height,** (Yoder, 1997) as a primary 

indicator of whether a lens element will naturally center: a net wedging angle of 17^ is the 
minimimi requirement (Yoder, 1 997). 

20 TTie scan lens' 36 purpose is to couple the laser into the fiber bundle 38 by focusing, in 

one embodiment, a 5 mm laser beam into a spot with approximately the same diameter as one 
of the bundle's fibers. The fibers may be about 5 \im in diameter, and FIG. 32 is a plot of the 
spot* s expected energy profile, as predicted by the toleranced optical model using the Zemax 
software. The model predicts that 80% of the focused ^t's energy will fall within a 5 ^m 

25 diameter circle. 

With the benefit of the present disclosure, those of skill in the art will understand that 
numerous modifications may be made. For instance, in place of the fiber bundle, one may use 
relay lenses in an articulated arm. Implementation of relay lenses is well known to those of 
skill in the ait Relay lenses in articulated arms are commonly used to deliver CO2 laser light in 
30 surgery and dermatology. The spherical surfaces of the relay lenses may result in significantiy 
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less specular reflections than the fiber bundle. In addition, polaiizatibn techniques may be used 
to suppress or reduce specular reflections since the lenses will maintain the polarization of the 
light unlike the fiber bundle. 

Additionally, the scanning system is not required to be a set of orthogonal 
galvanometers, although galvanometers may allow for higher video rates. Any other device 
suitable to deflect radiation in the transverse angles to pass over every fiber in the bundle may 
be used. Possible alternative scanning elements include spinning polygons, acousto-optic cells, 
and a piezo electric arm. 

The number and size of fibers in the bundlemay be varied according to need. Several 
alternatives are available for performing the axial scanning at the distal end of the fiber 
confocal microscope. These options include: tissue suction (ahready included), PZT translation, 
and axial scanning by translation of the distal optics* principal planes. The last technique can 
be embodied in a set of modifiable optical elements that interact with the microscope objective 
without changing the objective's focal Icngtfi and thus magnification. The optical power of the 
add-on optics may be adjiistable. The change in power may result in translation of the front 
principal plane of the entire distal-optics set The change in power can be achieved either by 
advantageously changing the spacing between fixed elements or by means as described in tfie 
following paragraphs. 

Yet another possibility is a pixellated element capable of changing the index of 
refraction within each pixel (an example is the Hex Spatial Light Modulator, Meadowlark 
Optics, Boulder, CO). 

Those having skill in the art will also understaiid that confocal imaging may be 
implemented with several different optical techniques including fluorescence, bright field, 
reflection, phase contrast, and daricfield imaging. 

All of the methods and apparatus disclosed and claimed herein can be made and 
executed without undue experimentation in light of the present disclosure. While the 
compositions and methods of this invention have been described in terms of specific 
embodiments, it will be apparent to those of skill in the art that variations may be applied to the 
methods and apparatus and in the steps or in the sequence of steps of the method described 
herein without departing from the concept, spirit and scope of the invention. More specifically. 
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it will be apparent that certain agents which are both chemically and physiologically related 
may be substituted for the agents described herein while the same or similar results would be 
achieved. All such similar substitutes and modifications apparent to those skilled in the art are 
deemed to be within the spirit scope and concept of the invention as defined by the appended 
claims. 
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CLAIMS ! 

1. A confocal imaging ^paratus for analyzing a sample, comprising: 

a radiation source configured to emit incident radiation; 

a scan system in optical communication with said radiation source and configured to 

controllably deflect said incident radiation; 
a scan lens in optical communication with said scan system and configured to focus said 

incident radiation; 

a plurality of fibers having a proximate end and a distal end, said proximate end in 

optical communication with said scan lens and configured to receive said 

incident radiation focused from said scan lens; 
a distal index matching agent coupled to said distal end and configured to reduce 

specular reflection fix)m said plurality of fibers; 
a coupling lens in optical commimication with said distal end and configured to focus 

said incident radiation toward said sample to produce secondary radiation from 

said sample; and 

a detector in optical communication with said scan system and configured to receive at 
least a portion of said secondary radiation and to produce a signal corresponding 
therewith. 

2. The apparatus of claim 1, herein said incident radiation comprises near infiared radiation. 

3. The apparatus of claim 1, wherein said radiation source comprises a TirSapphire laser. 

4. The ^paratus of claim 1, wherein said radiation sotircc comprises a diode pumped Nd:YAG 
laser. 

5. The apparatus of claim 1, wherein said scan system comprises a pair of orthogonal 
galvanometers. 
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6. The q)paiatus of claim 1, wherein said scan system comprises a spinning polygon. 



7. The apparatus of claim 1, wherein said scan system and said scan lens are adapted to 
illuminate a single fiber of said plurality of fibers. 

8. The apparatus of claim 1, further comprising a proximal polarizing agent in operative 
relation to said proximal end and configured to reduce specular reflection fix>m said plurality of 
fibers. 

9. The q)paratus of claim 1. further comprising a depth translation system in operative relation 
with said plurality of fibers. 

10. The apparatus of claim 9, wherein said depth translation system comprises a translation 
stage. 

1 1 . The apparatus of claim 9, ^^erein said depth translation ^stem comprises a suction agent 

12. The apparatus of claim 1 1, wherein said suction agent comprises a tube having a plurality 
of channels, wherein at least one of said channels is adapted to deliver saline, and wherein at 
least one of said charmels is adapted for suction. 

13. The apparatus of claim 1, herein centers of said plurality of fibers are separated by about 
5 microns. 

14. The apparatus of claim 1, wherein at least one of said plurality of fibers comprises a core 
and a cladding, and wherein said distal index matching agent comprises a fluid having an index 
of refiaction substantially equal to an index of refraction of said core. 

15. The q)paratus of claim 1, further comprising a beam splitter in optical communication with 
said radiation source and said detector, said beam splitter comprising a wedge angle. 



wo 99/47041 



PCT/US99/06036 



54 

16. The apparatus of claim I, herein said scan system is configured to controllably deflect 
said incident radiation in a raster pattem. 

5 1 7. The apparatus of claim I , further comprising an aperture positioned between said coupling 
lens and said detector. 

18. The apparatus of claim 17» wherein one of said plurality of fibers is an illuminated fiber 
transporting said secondary radiation toward said deteaor. and wherein said aperture has a 

10 diameter ad^ed to block at least a portion of said secondary radiation emanating fiom a 
proximate end of one or more fibers adjacent said illuminated fiber. 

19. The apparatus of claim 1, further comprising a controller coupled to said scan system and 
to said detector. 

15 

20. The apparatus of claim 19, further comprising control electronics and a video card coupled 
to said controller, said control electronics adapted to provide one or more timing signals to said 
video card. 

20 21. The apparatus of claim 1, further comprising an objective in optical communication with 
said coupling lens, and wherein a magnification of said coupling lens is adapted to fill said 
objective with said incident radiatioiL 

22. TTie apparatus of claim 1, wherein said apparatus has a lateral resolution of about S 
25 microns. 

23. A confocal imaging apparatus for analyzing a sample, comprising: 

a laser configured to emit bcident radiation; 

a scan system in optica] conmiunication with said laser and configured to controllably 
30 deflect said incident radiation in a raster pattem; 
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a scan lens in optical communication with said scan system and configured to focus said 

incident radiation in said raster pattern; 
a plinality of fibers having a proximate end and a distal end, said proximate end in 
optical communication with said scan lens and configured to receive said 
incident radiation focused from said scan lens in said raster pattern; 
a proximal index matching agent cotq)led to said proximate end and configured to 

reduce specular reflection fiom said plurality of fibers; 
a distal index matching agent coiq)led to said distal end and configured to reduce 

specular reflection fiom said plurality of fibers; 
a coupling lens in optical communication with said distal end and configured to focus 
said incident radiation in said raster pattern toward said sample to produce 
secondary radiation firom said sample; and 
a detector in optical communication with said scan system and configured to receive at 
least a portion of said secondary radiation and to produce a signal corresponding 
5 therewith. 



0 



24. The apparatus of claim 23, whorein at least one of said plurality of fibers comprises a core 
and a cladding, and wherein said distal index matching agent comprises a fluid having an index 
of refiaction substantially equal to an index of refraction of said core. 

25. "The apparatus of claim 23, wherein at least one of said plurality of fibers comprises a core 
and a cladding, and wherein said proximal index matching agent comprises a fluid having an 
index of refiaction between an index of refiaction of said core and an index of refraction of said 
cladding. 

26. The apparatus of claim 25, wherein said fluid has an mdex of refraction of about halfway 
between said index of refiaction of said core and said index of refiaction of said cladding. 

27. The apparatus of claim 23, fiutho- comprising a depth translation system in operative 
relation with said plurality of fibers. 
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28. The apparatus of claim 27, herein said depth translation system comprises a translation 
stage. 

29. The s^paratus of claim 27, wherein said depth translation system comprises a suction 
agent 

30. The apparatus of claim 23, further comprising a controller co^)Ied to said scan system and 
to said detector 

31. An endoscopic confocal imaging apparatus for in vivo analysis of a sample, comprising: 

a confocal system comprising: 

a radiation source configured to emit incident radiation; 

a scan system in optical communication with said laser and configured to 

coDtroUably deflect said incident radiation; 
a scan lens in optical conmiunication with said scan system and configured to 

focus said incident radiation; 
a plurality of fibers having a proximate end and a distal end, said proxunate end 

in optical communication with said scan lens and configured to receive 

said incident radiation focused from said scan lens; 
a detector in optical conununication with said scan system; and 
an endoscope comprising: 

a distal index matching fluid reservoir coniSgured to sealably contain a distal 

index matching fluid, said reservoir being coupled to said distal end, and 

said fluid being configured to reduce specular reflection from said 

plurality of fibers; 

a coupling lens in optical communication with said distal end and configured to 
focus said incident radiation toward said sample to produce secondary 
radiation fiom said sample detectable by said detector to produce a signal 
corresponding therewith; and 
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an endoscopic tube configured to house said distal end, said reservoir, and said 
coupling lens. 

32. The apparatus of claim 31. further comprising an objective in optical communication with 
said coupling lens, and wherein a magnification of said coupling lens is adapted to fill said 
objective with said incident radiation. 

33. The apparatus of claim 31, finther comprising a fiber shield configured to house and 
protect at least a portion of said plurality of fibers. 

34. The apparatus of claim 37, wherein said scan system is configured to contiollably deflect 
said incident radiation in a raster pattern. 

35. The apparatus of claim 3 1 , further comprising a suction hood coupled to said endoscope. 

36. The apparatus of claim 31, further comprising a controller coupled to said scan system and 
to said detector. 

37. A method for confocal imaging of a sample, comprising: 

emitting incident radiation torn a radiation source; 

controllably deflecting said incident radiation with a scan system in optical 

communication with said radiation source; 
focusing said incident radiation with a scan lens in optical communication with said 

scan system; 

receiving said incident radiation focused from said scan lens with a proximate end of a 
plurality of fibers, said proximate end in optical communication with said scan 
lens; 

reducing specular reflection from said plurality of fibers with a distal index matching 
agent coupled to a distal end of said plurality of fibers; 
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focusing said incident radiation toward said sample to produce secondary radiation from 
said sample with a coupling lens in optical conmiunication with said distal end; 

receiving said secondary radiation focused from said coupling lens with said distal end; 

focusing said secondary radiation through said scan system with said scan lens; 

detecting at least a portion of said secondary radiation with a detector in optical 
communication with said scan system; and 

producing a signal corresponding to said secondary radiation detected by said detector 
to hnage said sample. 

38. The method of claim 37, wherein said coupling lens, said distal end, and said distal index 
matching agent comprise an endoscope, and wherein said imaging of said sample comprises in 
vivo endoscopic imaging of said sample. 

39. Hie method of claim 37, wherein said controllably deflecting said incident radiation 
conqmses deflecting said incident radiation in a raster pattern. 

40. The method of claim 37, further comprising reducing specular reflection from said plurality 
of fibers with a proximal index matching agent coupled to a proximal end of said plurality of 
fibers. 

41. The method of claim 37, wherein said sample corriprises biological tissue. 

42. The method of claim 37, ^erem said sample comprises an integrated circuit wafer, or 
portion thereof. 

43. The method of claim 37, further comprising enhancing contrast of said sample with a 
contrast agent 

44. The method of claim 43, wherein said contrast agent comprises S*aminolevulinic acid. 
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45. The method of claim 43, wherein said contrast agent comprises acetic acid. 

46. The meAod of claim 45, \^rein said acetic acid consists of about 6% acetic acid. 

5 47. The method of claim 37, further comprising modifying a focus depth with a depth 
translation system in operative relation with said plurality of fiben. 

48. The method of claim 47, wherein said depth translation system comprises a suction agent 
configured to displace at least a poition of said sample by suction. 

10 

49. The method of claim 47, wherein said depth translation system comprises a translation 
stage. 

50. The method of claim 37, vdierein said imaging comprises cross sectional imaging. 

15 
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